The use of B-and M-mode sonography for detection of pneumothorax has been well described and studied. It is now widely incorporated by sonographers, emergency physicians, trauma surgeons, radiologists, and critical care specialists worldwide. Lung sonography can be performed rapidly at the bedside or in the prehospital setting. It is more sensitive, specific, and accurate than plain chest radiography. The use of color and power Doppler sonography as an adjunct to B-and Mmode imaging for detection of pneumothorax has been described in a small number of studies and case reports but is much less widely known or used. Color and power Doppler imaging may be used for confirmation of the presence or absence of lung sliding detected with B-mode sonography. In this article, we examine the physics behind Doppler sonography as it applies to the lung, technique, an actual case, and the past literature describing the use of color and power Doppler sonography for the detection of pneumothorax.
I
n 1842, Christian Doppler, professor of mathematics and physics at Prague Polytechnic, presented results of his research in the field of astronomy, explaining the color differences between binary stars. 1 More than 100 years later, researchers in Japan used Doppler's theories in describing blood flow velocities in vessels using ultrasound. It was determined that Doppler signals were produced by waves reflected from moving red blood cells, with frequency shifts determined by the speed of the flow and output voltage determined by the number of particles. Doppler sonography then began to be used clinically in the 1970s. 1 Over the past 2 decades, sonography has been increasingly used for evaluation of pneumothorax and other lung conditions. Recent meta-analyses have confirmed the superiority of sonography over chest radiography for detection of pneumothorax. 2 The increased use of thoracic sonography parallels the improved understanding and recognition of myriad sonographic artifacts created by the thoracic wall soft tissue, ribs, air, and fluid. 3 Many of these findings are now well-known defined sonographic signs, such as "lung sliding," "stratosphere sign," "sand on the beach," "lung point," "B-lines," "comet tails," and "A-lines." The focused assessment with sonography for trauma examination is now extended to include sonography of the thoracic wall. 4 The authors of the original study on extended focused assessment with sonography for trauma described the use of B-and M-mode sonography in their revised protocol, as well as power Doppler imaging to enhance the detection of lung sliding. This sign was termed the "power slide" and helped confirm that there was no pneumothorax at the site of insonation.
Although power Doppler sonography and the power slide are most commonly described in the literature, color Doppler imaging can be also used to identify lung sliding (Figure 1 ). Used often in echocardiography, color Doppler imaging shows blood flow in vessels and provides color flow maps, the direction, and velocity information. 5 Assignment of color to frequency shifts is based on the direction, such as red for Doppler shifts toward the transducer and blue for away. The brightness in color is proportional to the velocity, with turbulence depicted as green artifacts.
In contrast, power Doppler imaging displays the magnitude of the color flow rather than the Doppler frequency signal. 6 This magnitude is measured by the quantity of reflecting particles in a selected region and is proportional to the to the square of the amplitude of the Doppler signal. As such, power Doppler imaging does not display the flow direction or different velocities but is more sensitive in detection of low flows and velocities. The color map generated by power Doppler imaging represents the intensity of the signal and approximates the number of moving reflectors within a given volume. Power Doppler imaging is more sensitive than color Doppler imaging in determining the presence or absence of flow but at the expense of determining speed and direction. Power Doppler imaging is less angle dependent than color Doppler imaging and not subject to aliasing artifacts. Color Doppler and power Doppler modalities have an advantage with regard to storage, transmission, and archival issues, as only a single image is necessary. For real-time B-mode imaging, video recording is required to show lung sliding during the respiratory cycle.
Technique
The color Doppler image is dependent on several factors, one of which is the angle of insonation. This angle should not be greater than 60%, as it introduces measurement error. An advantage of power Doppler imaging is that it does not have this angle limitation. For lung sonography in general, a linear array high-frequency transducer (5-13 MHz) is most helpful in analyzing the more superficial pleural line with high resolution. Convex or curvilinear array transducers are more suitable for deeper lung imaging, as these provide better penetration (1-8 MHz) but less resolution. A phased array transducer (2-8 MHz), frequently used in echocardiography, has a flat, small footprint, which is useful for insonation between ribs. For Doppler studies, linear transducers are preferred, as curvilinear and phased array transducers have a radiating beam pattern that may result in complex color flow images. Higher frequencies allow better sensitivity to low flow and velocities and have better spatial resolution. Lower frequencies have better penetration, but this factor is less important with lung sonography unless an abnormally thick thoracic wall is encountered.
Power and gain should initially be set as low as possible and increased gradually to obtain a good signal from the lung-pleura interface but minimize deeper signals. As gain is increased, there will be a proportional increase in noise throughout all layers of the image proximal and distal to the pleural interface. Another adjustment is the color velocity scale, also referred to as the pulse repetition frequency. Lower velocity scales are used to examine low velocities, such as venous flow. Aliasing will occur if low velocity scales are used and high velocities are encountered. Alternately, if a high velocity scale is used to examine high velocities, low velocities may not be identified. Reducing the width and maximum depth of the area under investigation may improve the frame rate, color scan line density, and spatial resolution. The focus should be at the lung-pleura interface. Tissue movement, such as lung sliding and adjacent cardiac or vascular pulsations, as well as hand movement of the sonographer will result in a Doppler effect. Therefore, the transducer should be held motionless and, if possible, the patient instructed to breathe but not otherwise move during interrogation.
Lung sliding seen previously on B-and M-mode sonography may be confirmed by the presence of color signal enhancement. With pneumothorax, there is an air barrier to the apposition of the pleural surfaces and absence of a color signal. Examples of a patient with a spontaneous pneumothorax before and after chest tube placement are shown (Figures 2 and 3 and Videos 1-4). Optimal color velocity scale settings for detecting lung sliding may require trial and error (Figure 4) .
For a complete examination, the transducer is placed along the anterior, lateral, and posterior intercostal spaces with observation of a whole respiratory cycle at each point. The color Doppler image should be compared with the same location on the opposite side of the chest wall. False-negative results may occur from smaller posterior, apical, or mediastinal pneumothoraxes otherwise. False-positive results may be observed in patients with pulmonary contusions, lung or pleural fibrosis or adhesion, atelectasis, phrenic nerve palsy, pneumonia, bullas, or severe chronic obstructive pulmonary disease. The presence of B-lines or comet tails should be present in these conditions even in the absence of lung sliding, which may help in ruling out the possibility of pneumothorax at the site in question.
Studies and Case Reports
A broad literature search on PubMed, Google Scholar, and Open Grey was performed using the following terms "Doppler," "lung," 'ultrasound," and "pneumothorax." The search revealed that the use of power Doppler imaging for detection of pneumothorax was detailed in several case reports and 1 study. However, only 1 study describing the use of color Doppler imaging was identified. Cunningham et al 7 were the first to demonstrate the utility of power Doppler imaging in a case report from 2002, a 16-year-old male patient with pneumothorax from blunt chest trauma after a fall during rock climbing. 7 Lung sliding and comet tail artifacts were detected with B-mode sonography. The authors then used power Doppler imaging to further delineate the lung sliding, and a distinct color power Doppler signal was seen, which they termed the power slide. However, no lung sliding, comet tail artifact, or color power Doppler signal was detected over the pneumothorax. This same study group proposed the use of lung sonography supplemented with power Doppler imaging in the International Space Station and future manned space expeditions for onsite diagnosis of thoracic injury and telemetry capabilities. 8 In a letter to the editor from 2003, Islam and Levy 9 made a strong case for the routine use of power Doppler imaging to detect lung sliding. In 2005, Reissig and Kroegel 10 described the use of power Doppler imaging in a subset of patients to improve the accuracy of sonography in detecting postinterventional pneumothorax. In their prospective study of 53 patients, 4 patients developed pneumothorax, which was diagnosed with sonography (100% sensitivity, specificity, and accuracy). Johnson 11 reported a 23-year-old female patient with iatrogenic pneumothorax from trigger point injections to her upper back. The diagnosis of pneumothorax was made with sonography supplemented with power Doppler imaging.
In the largest prospective study to date (1023 patients, 30 of whom had pneumothorax) in which power Doppler imaging was used, Kreuter et al 12 demonstrated that transthoracic sonography augmented with power Doppler imaging resulted in sensitivity of 100%, specificity of 83%, and accuracy of 99% when compared with chest radiography. Shokoohi and Boniface 13 demonstrated that lung sliding and the power slide with power Doppler imaging could be simulated by using the hand as a model. Finally, in a case report from 2013, Hurst 14 described the absence of a color signal along the pleural line using power Doppler imaging in a child with traumatic tension pneumothorax.
There was only 1 study detailing the specific use of color, not power, Doppler imaging for detection of pneumothorax. In a prospective study of 63 patients with pneumothorax, Park et al 15 compared color Doppler with B-mode lung sliding and found that the concordance was 99.4%. The overall sensitivity of sonography for detection of pneumothorax was 92.1% (58 of 63).
Conclusions
It is surprising that the use of color or power Doppler as an adjunct to B-and M-mode detection of pneumothorax is not more widely incorporated or broadcast. Neither is included, or even considered, in several recent lung sonographic protocols for trauma and critical care, such as SESAME (sequential emergency sonography assessing the mechanism or origin of severe shock of indistinct cause), BLUE (bedside lung ultrasound in emergencies), and FALLS (fluid administration limited by lung sonography). 16, 17 Furthermore, Doppler sonography is not mentioned in several recently published guidelines and reviews. [18] [19] [20] We believe that color or power Doppler sonography as an adjunct to B-and Mmode sonography for diagnosis of pneumothorax represents a technical innovation of which sonographers should be aware.
